ABSTRACT: Superparamagnetic iron oxide nanoparticles (SPIONs) have been widely studied in biomedical applications such as bioimaging through magnetic resonance imaging and drug delivery. The successful uses of SPIONs depend on nanoparticles stability in biological environment and their interactions with cells. Hence these two factors are crucial for improvement of nanoparticle design in these applications. In this work, SPIONs were synthesized with silica (SSPIONs) and amine (A-SPIONs) surface modifications providing hydroxyl and amine functionalities, respectively. The colloidal stabilities of SPIONs were evaluated as hydrodynamic size in different biological relevance media. The results showed that bare SPIONs were unstable and highly aggregated when exposed to cell culture media. Coating with silica and amine could effectively stabilized the nanoparticles as evidenced by reduction of hydrodynamic diameters. In addition to surface modification, supplementation of serum proteins to cell culture media also reduced the aggregations. Furthermore, both S-SPIONs and A-SPIONs showed no cytotoxicity effect on human breast cancer cells (MCF-7) with cell viability remained over 80%. Hence this study showed the role of surface modification of bare SPIONs with silica and amine functionalization and serum supplement to stabilize nanoparticle stability in biological environment. These two surface coating SPIONs were not only non-toxic to the cells, but also have surface functionalities that could be further conjugated with desired biomolecules for more specific targeting especially in cancer targeting for diagnosis or therapeutic applications.
INTRODUCTION
Superparamagnetic iron oxide nanoparticles (SPIONs) are inorganic nanoparticles which exhibit intrinsic magnetic properties when exposed to external magnetic field. SPIONs have been explored and utilized in various biomedical applications such as bioimaging 1 , biological separation 2, 3 , drug delivery and cancer therapy [4] [5] [6] . Several methods have been developed for SPIONs synthesis in aqueous solvent 7, 8 . However, in order to acquire an effective use of SPIONs in biological applications, the particles are required to be stable when exposed to biological systems. In contrast to aqueous media, biological systems contain various extra components such as metal cations and anions, proteins, amino acids and other biomolecules. It has been shown that these components could alter the surface properties of nanoparticles (NPs) resulting in different NPs behaviour and different NPs-cell interactions.
Aqueous-stable NPs tend to form aggregates in physiological systems such as serum or cell culture media 9 . Here, surface coatings play important roles in maintaining NPs stability. Biopolymers such as chitosan and dextran are commonly used for SPIONs coatings, providing stabilizing effect and prevent binding of the NPs with environmental proteins 4, 10 . pH responsive polymers like poly(methacrylic acid) are known for its ability to maintain NPs size in response to physiological pH 11 . Silica coatings are also widely used as protective shells for NPs providing stabilized surface with various functional groups for further bioconjugation 12 . Apart from intrinsic surface properties of the NPs, serum protein is another key factor in NPs stability. Many studies have been conducted and shown that NPs can interact with proteins in their environment forming protein coronas 13, 14 . The protein-NPs complex could eventually result in eiwww.scienceasia.org ther enhancing or worsen their stability. In this work, aiming to acquire various functionalized surface, silica was chosen as a coating for SPIONs providing hydroxyl and amine functionalization. The stability of the synthesized NPs in cell culture media was characterized in terms of hydrodynamic diameters and zeta potential to further clarify the effect of the coating materials on colloidal stability along with their interactions with serum proteins in the media. Cellular toxicity of MCF-7 cells in response to the surface modifications of SPIONs in different media were investigated to elaborate the effect of colloidal stability and environmental proteins to NPs and cells interaction. 
MATERIALS AND METHODS

Materials
Synthesis of SPIONs
The core SPIONs and further functionalization were carried on following a method reported by Jang and Lim 15 . The synthetic scheme is shown in Fig. 1 . For the core SPIONs, FeCl 3 · 6 H 2 O and FeCl 2 · 4 H 2 O were mixed with stoichiometric ratio of 2:1 under N 2 atmosphere. The solution was heated to 80°C then ammonium hydroxide was added. Black precipitates were formed immediately and the reaction was prolonged for 20 min. The resulted SPIONs were collected by magnetic decantation and stored as stock solution.
Synthesis of silica-coated SPIONs (S-SPIONs)
Coating of SPIONs with silica was performed following previously reported method 15 . Briefly, SPIONs were dispersed in 20% ethanol and sonicated for 15 min. The solution pH was adjusted to 9 using ammonium hydroxide then TEOS was added under continuous sonication. The mixed solution was stirred for 4 h. The precipitates were washed three times with deionized water and collected by centrifugation (15 000 rpm).
Synthesis of amine-functionalized SPIONs (A-SPIONs)
S-SPIONs were dispersed in water to the concentration of 1 mg/ml. Solution of APTES in ethanol (10%v, 10 ml) was added drop-wise to the solution. The reaction mixture was stirred at room temperature for 1 h then the temperature was raised to 90°C and stirred for another 1 h. The obtained A-SPIONs were washed with water and collected by magnetic decantation.
Nanoparticle characterization
Functional groups and surface coatings of the particles were studied by infrared spectrometry using attenuated total reflection mode (Perkin Elmer Frontier FTIR spectrometer and Bruker ALPHA FTIR spectrometer).
Colloidal stability evaluation of nanoparticles
Colloidal stability of the nanoparticles was determined by measurement of hydrodynamic diameter and zeta potential using dynamic light scattering (DLS) technique with Malvern Zetasizer ZS. The SPIONs samples were dispersed in water, DMEM, DMEM with 1% FBS and DMEM with 10% FBS at final concentration of 0.03 mg/ml.
Cell cytotoxicity assay
MCF-7 human breast cancer cells were cultured in DMEM medium supplemented with 10% FBS and 1% P/S. Cells were kept at 37°C under 5% CO 2 in a humidified incubator. Cells were seeded onto a 96-well plate at cell density of 8 × 10 3 cells/well and incubated. After 24 h, the media was replaced with freshly prepared media containing S-SPIONs and ASPIONs with different concentration of 0.05, 0.1, and 0.4 mg/ml and incubation time was varied to 6 and 24 h. After incubation, cells were washed with PBS buffer 3 times and followed by addition of MTT solution. Upon 3-h incubation, the media was removed and DMSO was added to each well. Cell viability was determined by measuring absorbance at 540 nm using a microplate reader (Tecan Spark 10M).
RESULTS AND DISCUSSION
The SPIONs were synthesized according to the scheme in Fig. 1 . The functionalization of SPIONs was characterized by FTIR spectroscopy and is shown in Fig. 2 . Uncoated SPIONs showed characteristic peak of iron oxide at around 500 cm −1 . Coating of silica in S-SPIONs and A-SPIONs could be confirmed by strong peaks at 1100 cm −1 corresponding to Si-O bonds. For A-SPIONs, FTIR peaks of N-H bonds could not be clearly observed, however, the functionalization could be confirmed by zeta-potential measurement. S-SPIONs have zeta-potential value of −31.5 mV which originated from the hydroxyl groups. After functionalization with APTES, A-SPIONs showed positive zetapotential value of 19.8 mV which indicates amine groups. Hydrodynamic diameters of each sample in different biological relevant media are shown in Fig. 3 Bare SPIONs showed sizes around 450 nm in water. Coating of SPIONs with silica resulted in hydroxyl functionalized surface which showed stabilizing property evidenced from the reduction of hydrodynamic diameters to 100 nm. In contrast, further reaction of S-SPIONs with APTES to yield amine groups resulted in aggregation of the NPs with size 365 nm which could be induced by positively charged amine functional groups presenting at the surface.
Upon exposure to cell culture media, bare SPIONs and A-SPIONs strongly formed large aggregates in the range of µm. This could be due to the presence of complex ions presented in the media which interact with the SPIONs through charges and destabilized the surfaces 9 . Surprisingly, silica coatings on S-SPIONs showed promising stabilizing effect to the NPs with the maintained size 130 nm. Addition of serum proteins to final concentration of 1% greatly reduced the hydrodynamic diameters of all NP samples. Serum proteins could interact to the SPIONs surface, thus forming proteins coronas and stabilized the NPs. However, too high concentration of the proteins could in turn result in aggregation of the NPs as observed from the increase of hydrodynamic diameters of bare SPIONs and SSPIONs in media containing 10% FBS. In contrast, hydrodynamic diameters of A-SPIONs surprisingly reduced to 600 nm with high FBS concentration. These results elaborated that SPIONs with different surface properties could react differently to environmental proteins and should be further studied in the aspect of protein characterization to fully understand the phenomena.
To investigate the effect of stabilization on cellular interaction, cytotoxicity of the SPIONs on MCF-7 cells was investigated (Fig. 4) using MTT assay. The results revealed that both S-SPIONs and A-SPIONs did not affect viability of MCF-7 cells; cell viability remained > 80% for all conditions. Increasing of FBS concentration to 10% slightly increased cell viability of A-SPIONs at low concentration of 0.05 and 0.1 mg/ml. This could be due to the stabilizing effect of serum proteins to A-SPIONs according to the prevention of aggregates formation. In addition, A-SPIONs showed increase cell viability over 100% only when treated at high concentration of 0.4 mg/ml in all conditions. Hence it could be suggested that the surface coating of both S-and A-SPIONs could prevent aggregate formation and did not cause cytotoxicity to the cells.
CONCLUSIONS
In conclusion, aqueous-stabilized SPIONs were synthesized with silica and amine surface modification. Dispersion of the NPs in cell culture media altered their surface properties and resulted in aggregations. Supplementation of serum proteins enhanced NPs stability which could be due to the formation of protein coronas. Silica and amine surface coatings showed surface stabilization with no cytotoxicity towards MCF-7 cells. Hence these stable nontoxic S-SPIONs and A-SPIONs would be suitable for further conjugation with antibodies, peptides, or other biomolecules to improve specificity towards cancer cells which could be applied as contrasting agents in magnetic resonance imaging or as drug delivery system for cancer diagnosis or therapeutic applications.
